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VHF  ELECTRICAL  PROPERTIES  OF 
FROZEN  GROUND  NEAR  POINT 
BARROW,  ALASKA 


Steven  A.  Arcone  and  Allan  J,  Delaney 


INTRODUCTION 

Background 

Knowledge  of  the  earth’s  electrical  properties  is 
important  to  many  disciplines  of  science  and  engineer¬ 
ing.  This  knowledge  is  used  to  interpret  geologic  strata, 
find  concentrations  of  valuable  minerals,  determine 
geologic  suitability  for  construction  projects,  predict 
radiowave  propagation  range,  and  for  a  host  of  other 
applications  such  as  soil  moisture  detection  and  mon¬ 
itoring  of  water  quality.  In  permafrost  regions,  the 
low  electromagnetic  (EM)  absorption  of  frozen  earth 
and  the  contrasting  electrical  properties  of  thawed 
soil,  massive  ice  and  frozen  soil  make  electrical  and 
EM  methods  suitable  for  subsurface  exploration. 

The  most  widely  used  electrical  methods  of  perma¬ 
frost  exploration  have  been  the  direct  current  and  the 
magnetic  induction  techniques,  the  latter  employing 
loop  antennas  usually  operating  at  40  kHz  and  below. 
The  depth  of  exploration  of  these  methods  strongly 
depends  on  electrode  or  antenna  spacing  so  that  sub- 
surfiipe  detail  is  greatly  sacrificed  as  depth  of  explora¬ 
tion  is  increased.  Since  1970,  however,  detailed  ex¬ 
ploration  of  depths  of  up  to  20  m  in  soils  has  become 
possible  with  the  advance  of  short-pulse  ground  radar, 
originally  pioneered  during  the  1960’s  for  radio  glaci¬ 
ology  studies.  Just  as  radio  glaciology  spurred  many 
efforts  to  determine  the  dielectric  properties  of  glacial 
ice,  so  have  permafrost  radar  studies  stimulated  efforts 
to  determine  the  dielectric  properties  of  frozen  soils 
and  rocks. 


This  report  presents  the  results  of  field  studies  of 
permafrost  dielectric  properties  within  the  very  high 
frequency  band  (VHF,  30  to  300  MHz)  currently  used 
in  subsurface  radar.  This  frequency  range  is  ideal  for 
subsurface  radar  because  absorption  due  to  free  pore 
water  is  minimized  for  many  earth  materials.  How¬ 
ever,  the  permanent  dipole  moment  of  the  water  mole¬ 
cule  adsorbed  on  particle  surfaces  can  strongly  affect 
dielectric  properties  in  this  range,  as  has  been  shown 
by  Hoekstra  and  Doyle  (1971),  Hasted  (1973)  and 
Olhoeft  (1977). 

The  electrical  properties  of  interest  are  k  and  k", 
the  real  and  imaginary  parts,  respectively,  of  the  rela¬ 
tive  complex  permittivity  which  determines  the  index 
of  refraction  n.  When  k"Ik'  <  0.1 ,  k'  determines  the 
velocity  of  propagation  and  k"  the  wave  absorption. 

The  quantity  k"  is  determined  by  conductive  (or 
ohmic)  and  dielectric  relaxation  losses,  neither  of 
which  can  be  separated  in  a  single  measurement.  There¬ 
fore,  dielectric  measurements  are  usually  presented  as 
the  real  permittivity  k  (most  commonly  called  the 
"dielectric  constant”)  and  the  ratio  k"/k'  =  tanS  (the 
loss  tangent). 

Olhoeft  (1977)  and  Katsube  et  al.  (1976)  used 
bridge  impedance  techniques  to  study  frozen  clay  to 
about  10‘  Hz  and  have  measured  k  =  0.3  at  ~10°C; 
Olhoeft  estimated  that  this  value  of  k'  should  remain 
constant  over  at  least  another  frequency  decade  while 
tanfi  will  trend  toward  a  minimum  between  10*  and 
10’  Hz.  Observations  at  higher  frequencies  using 
waveguide  and  time  domain  reflectometry  (TDR) 
measurements  were  reported  by  Hoekstra  and  Delaney 


(1974).  Their  data  showed  greatest  dispersion  at  a 
relaxation  frequency  of  about  1  GHz  for  a  10%  water 
(by  weight)  clay.  Hoekstra  and  Delaney  also  investi¬ 
gated  a  silty  clay  at  frequencies  as  low  as  1 00  MHz, 
where  they  found  similar  results  at  a  water  content  of 
10%  by  weight.  Frozen  silts,  the  primary  material  en¬ 
countered  in  our  study,  have  not  been  investigated  as 
extensively  as  clays,  although  dielectric  values  for  dry 
silt  at  500  MHz  were  reported  by  Hoekstra  and  Delaney 
(1974).  They  found  x'  values  of  approximately  3  for 
Fairbanks  silt  and  also  for  a  silty  clay,  pure  clay  (en¬ 
gineering  classification),  and  a  fine  sand,  all  at  zero 
water  content. 

The  above  measurements  of  x'  and  x”  were  all  per¬ 
formed  at  -10°C,  a  temperature  at  which  some  ad¬ 
sorbed  water  is  known  to  remain  in  the  soil/ice  matrix. 
When  temperature  is  depressed  even  further,  the  freez¬ 
ing  of  any  remaining  adsorbed  water  will  lower  x'  for 
a  soil  to  usually  between  3  and  5  and  tan  8  to  0.01  or 
less.  These  values  are  consistent  with  the  dielectric 
constant  values  of  between  3  and  5  for  ice  and  dry 
soils  as  have  been  reported  by  Von  Hippel  (1954), 

Cook  (1960)  and  Hoekstra  and  Delaney  (1974). 

Field  measurements  of  dielectric  properties  of 
permafrost  near  about  100  MHz  have  been  carried  out 
mainly  by  Canadian  researchers  at  the  Involuted  Hill 
test  site  in  Tuktoyaktuk,  N.W.T.,  using  impulse  radar 
and  antenna  impedance  techniques.  The  impulse  radar 
method  was  used  by  Davis  et  al.  (1976),  and  Annan 
and  Davis  (1976)  discussed  the  use  of  impulse  radar 
for  wide  angle  reflection  and  refraction  (WARR) 
sounding,  which  is  similar  procedurally  to  the  tech¬ 
niques  used  in  seismic  prospecting.  For  ice-rich  clay 
till,  Annan  and  Davis  (1976)  measured  x'  values  be¬ 
tween  2.5  and  4.2,  the  low  end  of  which  could  not  be 
justified  by  laboratory  measurements  of  density  and 
fractional  air  volume  (Annan  1976).  Wongetal. 

(1977)  used  a  monopole  inserted  into  the  active  layer 
to  determine  electrical  properties  from  the  antenna 
impedance.  At  100  MHz  in  late  winter,  x'  was  be¬ 
tween  3  and  7  and  resistivity  at  about  10^  ohm-m  for 
a  frozen,  very  cold  composite  of  peat,  silt  and  clay 
till. 

The  method  used  in  our  investigation  is  known  as 
radio  frequency  interferometry  (RFI)  which  was  de¬ 
scribed  in  detail  by  Annan  (1973)  and  Rossiter  ct  al. 
(1973).  This  method  allows  calculation  of  dielectric 
properties  from  the  interference  pattern  of  surface 
and  ground  wave  modes  propagated  from  an  antenna 
lying  on  the  ground  surface.  The  method  has  been 
used  in  lunar  (Strangway  1969)  and  glacial  (Strangway 
et  al.  1974)  studies.  Its  first  reported  use  in  permafrost 
studies  was  by  Rossiter  et  al.  (1978)  in  the  Tuktoyak¬ 
tuk  study  area  mentioned  above.  During  winter  at 
this  site,  a  dielectric  constant  of  6  and  an  electrical 


resistivity  of  about  2000  ohm-m  were  determined  from 
a  marginal  interference  pattern  at  16  MHz  for  the  ice- 
rich  clay  till.  The  resistivity  value  was  thought  to  be 
entirely  due  to  d.c.  effects. 

Objectives  and  procedures 

The  objective  of  our  research  was  to  measure  in  situ 
the  complex  dielectric  properties  of  very  cold  perma¬ 
frost  of  various  soil  types  at  frequencies  between  about 
50  and  150  MHz.  We  chose  the  RFI  technique  over 
impulse  radar,  antenna  impedance  and  a  variety  of 
other  waveguide  insertion  techniques  for  the  follow¬ 
ing  reasons: 

1 .  Single  frequencies  could  be  investigated. 

2.  Depths  to  several  meters  might  be  realized  if 
strong  contrasts  in  dielectric  properties  existed  at  depth. 

3.  RFI  does  not  require  the  ground  to  be  disturbed 
by  drilling  and  emplacement  of  metal  structures. 

In  addition  to  the  RFI  technique,  surface  impedance 
and  magnetic  induction  methods  were  used  to  measure 
low  frequency  resistivity  and  thus  to  compare  it  with 
high  frequency  resistivity  values  obtained  from  the  at¬ 
tenuation  of  the  interference  patterns.  The  magnetic 
induction  method  was  capable  of  being  used  in  modes 
which  allowed  two  separate  penetration  depths  of 
approximately  3  and  7  m. 


THEORY  AND  INSTRUMENTATION 

Radio  frequency  interferometry 

An  antenna  placed  at  or  near  the  ground  surface  can 
excite  several  different  modes  of  propagation  as  it  radi¬ 
ates.  These  modes  all  propagate  at  different  velocities, 
depending  on  whether  they  travel  in  air,  in  ground  or 
through  the  ground  by  multiple  subsurface  reflections. 

If  the  antenna  continuously  radiates  at  a  fixed  frequency, 
these  modes  will  combine  along  the  surface  to  produce  a 
standing  wave  interference  pattern.  The  electrical  and 
geometric  (i.e.  layer  depth)  properties  of  the  ground 
may  then  be  deduced  from  the  separation  of  the  inter¬ 
ference  fringes  and  the  general  attenuation  rates  for 
patterns  of  different  frequencies. 

The  theory  of  ground  wave  propagation  from  a 
radiating  source  above  a  conductive  earth  was  first  pre¬ 
sented  by  Sommerfeld  (1909).  Several  theorists  later 
made  important  contributions  and  refinements,  with 
Norton  (1937)  finally  giving  the  most  complete  analy¬ 
sis  in  a  form  that  has  been  extensively  used  since. 

Wait  (1951)  considered  an  earth  model  for  which  con¬ 
duction  currents  were  less  important  than  displacement 
currents,  i.e.  a  very  resistive  earth.  Wait’s  analysis  was 
then  elaborated  upon  by  Annan  (1973)  who  also  cal¬ 
culated  the  radiated  field  above  a  layered  earth  for  sev¬ 
eral  antenna  types.  The  ensuing  discussion  is  based  on 
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Annan’s  work  with  the  electric  field  formulas  devel¬ 
oped  from  his  theory.  In  this  study,  we  deal  only  with 
electric  dipole  antennas  lying  horizontally  on  the 
ground  surface  and  radiating  continuously  at  a  single 
frequency.  Therefore,  the  theory  discussed  refers 
only  to  steady  state  solutions. 

Case  1 :  Homogeneous  ground  model 

An  antenna  placed  on  the  ground  surface  can  be 
shown  to  excite  four  distinct  radiation  modes.  These 
modes  are  illustrated  in  Figure  1  which  is  referenced 
by  a  right-hand  Cartesian  coordinate  system  x,  y,  z. 

In  this  figure,  wavefront  A  represents  a  spherical  air 
wave  above  the  surface,  and  wave  B  represents  a  spheri¬ 
cal  wave  excited  in  the  ground.  Waves  C  and  D  propa¬ 
gate  above  and  below  the  ground,  respectively,  in  order 
to  maintain  thi  continuity  of  the  tangential  electric 
and  magnetic  fields  of  waves  B  and  A  across  the  air/ 
ground  interface.  Wave  C  is  termed  “inhomogeneous” 
in  that  it  attenuates  exponentially  with  height  above 
the  surface.  It  propagates  with  the  same  phase  veloc¬ 
ity  as  B.  Wave  D  is  called  a  head  wave  and  it  propa¬ 
gates  with  the  same  horizontal  phase  velocity  as  A. 

The  RFl  technique  utilizes  the  interference  between 
waves  C  and  A. 

The  velocity  of  wave  propagation  in  the  ground  is 
much  slower  than  in  air.  Consequently,  in  order  for 
A  to  match  D  at  the  air/ground  interface,  the  hori¬ 
zontal  phase  velocity  of  waves  A  and  D  must  be  equal. 
This  forces  wave  D  to  propagate  at  an  angle  ^  such 
that  sin/3  =  k^jk-^  where  Aq  propaga¬ 

tion  functions  in  air  and  ground  respectively.  They 
are  given  as 

/?0  =v/wVo®o  (1) 

and 

A,  (2) 

or 

=  kQ\jK  ^iK  tanS  (3) 


Figure  1.  Radiation  modes  produced  by  a  horizontal 
electric  dipole  antenna  on  the  ground  surface,  a  and 
B  represent  spherical  wavefronts  and  D  is  a  planar,  refracted 
wavefront.  Mode  C  represents  an  inhomogeneous  wave  that 
attenuates  exponentially  with  height.  The  angle  =  sin~' 
Figure  adapted  from  Annan  (1973). 


antenna  axis  where  x  =  z  =  0,  is  found  to  be 
^0  /«0' 


2ikl  lkr,t 


*1-^0 ’ 


(4) 


+  terms  of  order  l/y^  and  1/y^. 


The  first  term  in  the  parentheses  describes  wave  A  and 
the  second  term  wave  C.  Beyond  a  distance  of  about 
one  wavelength  from  the  origin  (source)  the  higher 
order  terms  may  be  neglected  in  comparison  with  the 
terms  involving  l/y^. 

Equation  4  shows  the  two  waves  A  and  C  of  Figure 
1  to  be  propagating  with  a  spatial  attenuation  rate 
proportional  to  1/y^.  In  addition,  there  will  also  be 
attenuation  due  to  any  dielectric  or  conductive  loss. 

Two  examples  of  ground  and  air  interference  at 
100  MHz  are  shown  in  Figure  2.  Both  ground  models 
are  given  a  k’  value  of  5  but  with  different  values  of 
tan5.  In  both  cases  the  value  of  k'  may  be  deduced 
from  the  formula 


where  tan  6  =  (k"  + 1  /pcjeoj/x'.  In  these  expressions 
cj  is  frequency  in  radians  per  second,  pg  =  4trx  lO"’ 
H/m,  eg  =  8.85x  10'**  F/m,p  is  resistivity  in  ohm-m 
and  /  =  y/^.  K*  is  the  relative  complex  dielectric  per¬ 
mittivity  composed  of  real  part  k'  and  imaginary  part 
k".  a  time  dependence  of  e"'*^'  has  been  assumed. 

Of  particular  interest  is  the  horizontal  electric  field 
component  of  the  vector  addition  of  waves  A  and 
C.  This  addition  produces  the  sought-after  above¬ 
surface  interference  pattern.  The  variation  of  as  a 
function  of  y,  the  direction  perpendicular  to  the 


as  discussed  by  Rossiter  et  al.  (1973),  where  Xg  is  the 
free  space  wavelength  and  \  is  the  distance  between 
interference  minima.  The  value  of  tan5  can  only  be 
estimated  qualitatively  from  the  pattern,  but  a  more 
quantitative  "stimate  can  be  made  by  comparing  the 
curves  to  theorc’ical  models  with  k'  held  at  the  meas- 
ured  value.  Both  curves  in  Figure  2  show  a  fly  envel¬ 
ope  for  the  interference  fringes  beyond  about  1  -m  range. 
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Figure  2.  Theoretical  ground  wave-air  wave  interference  for  two  different  values  of 
tanS.  The  broken  curves  are  7/y^  envelopes  for  tanS  -  0,0. 


Deeper  minima  occur  at  larger  ranges  for  lesser  values 
of  tan  6.  The  1/y^  attenuation  rate  is  an  important 
point  for  differentiating  a  homogeneous  case  from 
one  that  is  layered.  Layered  models  may  often  have 
a  much  lower  rate  of  attenuation  due  to  the  entrap¬ 
ment  of  energy  within  the  layers. 

Case  2:  Two-byer  ground  model 

The  addition  of  a  subsurface  interface  may  allow 
several  additional  modes  to  propagate  and  contribute 
to  the  surface  field  strength.  These  modes  are  illus¬ 
trated  in  Figure  3.  Wave  A  is  the  spherical  air  wave 


and  is  matched  by  wave  D  as  in  case  1 .  In  this  case, 
however,  wave  D  may  reflect  off  the  subsurface  inter¬ 
face  to  give  a  more  complex  amplitude  to  wave  A  than 
in  case  1 .  Waves  B^,  B2,  etc.,  are  a  series  of  cylindrical 
modes  within  the  upper  layer  which  will  be  matched 
at  the  surface  by  a  series  of  inhomogeneous  cylindrical 
waves  Cl ,  C2,  etc.,  propagating  at  the  same  horizontal 
phase  velocities  as  B, ,  B2,  etc.  E  is  shown  as  a  partic¬ 
ular  ray  of  the  initial  upper  layer  excitation  that  re¬ 
fracts  along  the  subsurface  interface  with  horizontal 
phase  velocity  00/^2.  This  refraction  along  the  subsur¬ 
face  interface  will  only  occur  if  ^2  <  !  otherwise 


Figure  3.  Radiation  modes  produced  by  a  horizontal  electric  dipole  antenna  on 
the  surface  of  a  two-layer  ground  model.  The  addition  of  a  second  interface  has  caused 
wave  B  of  Figure  1  to  break  into  distinct  modes  (rays  By,  ...)  some  of  which  may  strongiy 
attenuate  with  distance.  Curves  A  and D are  phase  fronts,  B,,  By  and  E are  ray  normais.  C, 
and  C,  indicate  ampiitude  attenuation  rates  for  the  surface  inhomogeneous  waves.  Here  0 
is  the  compiement  of  the  angle  of  incidence  of  phase  front  D  upon  the  tower  interface. 


wave  E  just  refracts  downward  into  the  lower  layer. 

The  most  important  components  in  an  interference 
pattern  usually  are  the  cylindrical  modes  which  atten¬ 
uate  only  as  1  /y^' .  If  two  or  more  of  these  modes  are 
strongly  excited  (i.e.  little  attenuation),  then  they  will 
produce  a  strong  interference  pattern  for  considerably 
greater  distances  than  occur  for  case  1 . 

Under  ordinary  circumstances,  wave  D  cannot  ex¬ 
cite  a  refracted  wave  that  would  propagate  along  the 
subsurface  interface  because  the  angle  of  incidence  ^ 
of  wave  D  is  determined  by  the  contrast  in  properties 
between  the  air  and  the  upper  ground  layer.  In  order 
to  generate  a  refracted  subsurface  boundary  wave 
there  must  be  a  similar  contrast  between  layer  2  and 
layer  1 .  This  requires  layer  2  to  have  the  dielectric 
properties  of  air,  which  is  not  a  very  common  situation. 

Mathematically,  the  two-layer  solution  for  from 
a  point  source  horizontal  electric  dipole  when  z  =  x  -  0 
can  be  expressed  as 

ik  V  /*,sin6p' 

y  '  y" 

+  f (0^2)  (1  -b(e\^)y\  -3/2  ^  +  H(My). 

y^ 

(6) 

The  quantity  H{\ly)  represents  higher  order  terms  in 
inverse  powers  of  .y  which  contribute  negligibly  to 
beyond  about  one  wavelength  from  the  source.  Terms 
A,  E  and  b  are  constants  that  depend  on  the  critical 
angles  of  propagation,  and  0 'g  ~ 


0,2  =  sm~^ik^/k2]-  Terms  C|  are  the  constants  for  the 
dominant  modes  which  propagate  at  the  angles  0j. 
These  angles  are  determined  by  solving  the  transcen¬ 
dental  normal  mode  equation, 

(7) 

for  0j  where  /?^q  and  R■^2  are  the  interface  reflection 
coefficients  as  seen  from  within  the  upper  layer.  This 
equation  is  an  essential  condition  for  forming  a  wave¬ 
guide  mode  and  is  discussed  in  detail  by  Budden  (1961) 

If  a  two-layer  ground  condition  is  suspected,  a  series 
of  theoretical  curves  must  be  generated  for  comparison 
with  the  observed  data  to  determine  the  ground  elec¬ 
trical  properties.  This  can  be  a  very  cumbersome  pro¬ 
cedure  even  for  just  two  layers.  A  simple  case  is  pre¬ 
sented  in  Figure  4  of  a  lossless  dielectric  situated  above 
a  perfect  reflector.  Only  two  guided  modes  are  excited 
for  this  particular  combination  of  dielectric  constant 
and  layer  thickness,  and  a  l/y''^^  attenuation  rate  begins 
within  a  few  wavelengths  from  the  source.  When  more 
modes  are  excited,  energy  can  be  focused  at  a  particu¬ 
lar  range,  thereby  producing  amplitude  growth  over 
small  distances. 

RFI  instrumentation 

Our  'mp)ement3t'ion  of  the  RFJ  method  was  ex¬ 
tremely  simple.  Two  dipole  antennas  were  laid  upon 
the  ground  parallel  to  each  other,  one  for  transmission 
and  the  other  for  reception.  The  antennas  were  then 
incrementally  or  continuously  moved  apart  along  a 
line  perpendicular  to  the  dipole  axis  and  the  received 
field  strength  was  recorded  as  a  function  of  position. 
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Diatonc*  y  in  Free  Spoce  Wavelength*  (X,) 

Figure  4.  Theoretical  Interference  pattern  of  two  surface  waves  matched  to  two  cylindrical 
waveguide  modes  in  the  upper  layer  of  the  two-layer  ground  model  shown  above.  The  curve 
is  valid  for  tons  <  O.OOt. 
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Figure  5.  Schematic  diagram  of  system  used  in  radio  frequency  inter¬ 
ferometry.  The  dipole  antennas  rest  on  the  ground. 


The  components  used  in  our  investigations  are  shown 
schematically  in  Figure  5  with  the  antenna  orientation 
shown  relative  to  the  coordinate  system  used  in  the 
theoretical  development. 

A  Hewlett-Packard  signal  generator  (model  8654A) 
supplied  the  VHF  signal  to  a  10-W  linear  amplifier 
(instruments  for  Industry  Corp.  model  5100).  The 
amplified  signal  was  fed  to  and  transmitted  from  a 
tuned,  half-wave  resonant  dipole.  The  received  signal 
was  detected  with  an  identical  tuned  dipole  and  dis¬ 
played  on  a  high-sensitivity,  high-frequency  oscillo¬ 
scope  (Tektronix  475).  All  of  the  system  cabling  con¬ 
sisted  of  low  loss,  multi-shield,  75-ohm  coaxial  cable. 

A  tuned  RF  voltmeter  acquired  for  this  project  failed 
during  both  field  seasons.  The  loss  of  this  item  prob¬ 
ably  allowed  considerable  interference  in  much  of  our 
data  recorded  at  frequencies  of  40  MHz  and  below. 

In  the  field,  two  major  deviations  from  the  theory 
are  the  lateral  inhomogeneity  in  the  ground  and  the 
use  of  resonant  half-wave  dipoles  instead  of  point 
sources.  Lateral  inhomogeneity  is  unavoidable  but 
was  probably  not  significant  in  our  investigations.  The 
use  of  half-wave  dipoles  enabled  us  to  record  data  at 
antenna  separations  of  over  40  m.  The  variation  of  E.^ 
with  range  along  the  principal  radiation  direction  of  the 
antenna  using  a  half-wave  dipole  deviates  from  that  of 
a  point  source  only  within  a  few  wavelengths  of  the 
antenna. 

When  expressed  in  their  full  form,  the  solutions  for 
the  inhomogeneous  C  waves  describe  exponential  at¬ 
tenuation  with  height  above  ground.  In  our  investiga¬ 
tions,  snow  cover  was  usually  about  20  to  30  cm  and 
may  have  been  a  factor  as  discussed  below. 

Low  frequency  methods 

Two  other  geophysical  methods  of  investigation 
were  used  for  the  purposes  of  measuring  ground  resis¬ 
tivity  and  the  presence  of  any  near-surface  stratifica¬ 
tion.  These  methods  are  known  as  the  surface  impe¬ 
dance  (SI)  and  magnetic  induction  (Ml)  techniques 


and  are  methods  which  respond  mainly  to  the  d.c.  con¬ 
ductivity  of  the  ground.  Dielectric  loss  at  frequencies 
in  the  VHF  range  may  be  due  to  both  d.c.  conduction 
and  dielectric  relaxation.  Therefore,  the  use  of  these 
techniques  allowed  us  to  compare  any  measured  ground 
resistivity  using  RFI  with  that  of  SI  and  Ml. 

The  SI  technique  measures  ground  resistivity  by 
comparing  electromagnetic  field  components  of  a  plane 
wave  propagating  from  a  distant  transmitter  usually  in 
commercial  or  military  use.  The  Ml  technique  measures 
ground  resistivity  by  comparing  a  secondary,  induced 
magnetic  field  with  the  primary  inducing  field.  Both 
methods  operate  within  the  VLF  to  LF  range  (15  to 
400  kHz).  They  have  been  discussed  extensively  by 
Arcone  (1979),  Arcone  et  al.  (1979)  and  Arconc  and 
Delaney  (1980)  and  arc  briefly  reviewed  in  Appendix 
A. 


POINT  BARROW  SITES 

The  locations  of  the  sites  studied  near  Pt.  Barrow 
are  shown  in  Figure  6.  The  near-surface  sediments  are 
composed  of  two  major  lithologic  units  described  by 
Black  (1964)  and  Sellmann  and  Brown  (1973).  Marine 
sediments  known  as  the  Barrow  unit  exist  to  an  approxi¬ 
mate  depth  of  7  m  under  our  sites  beneath  which  are 
marine  sediments  of  the  Skull  Cliff  unit.  The  Barrow 
unit  can  be  subdivided  into  an  uppermost  layer  of  or¬ 
ganic-  and  ice-rich  silty  sediments  that  have  been  highly 
reworked,  and  a  lower,  well-sorted  sandy  portion.  The 
Skull  Cliff  unit  consists  largely  of  silts  and  sandy  silts. 

A  beach  ridge  borders  the  area  marked  as  "marsh”  in 
Figure  6  and  presents  most  of  the  topographic  relief 
in  the  area.  The  beach  ridge  is  composed  of  sands  and 
gravels  reaching  thicknesses  up  to  5  m. 

Brown  (1969)  has  shown  salt  concentrations  to  be 
increasing  with  depth  beneath  all  the  shallow  sediments 
studied  in  this  area.  Our  data  obtained  with  low  fre¬ 
quency  resistivity  methods  are  consistent  with  Brown’s 
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Figure  6.  Location  map  for  the  Pt.  Barrow,  Alaska Jnvestiaations.  shaded  area 
shows  extent  of  the  beach  ridge. 


observations  in  that  ground  resistivity  decreases 
rapidly  with  depth  throughout  the  area. 

In  the  vicinity  of  our  measurements,  O'Sullivan 
(1963)  has  obtained  conductivity  vs  depth  profiles  at 
several  sites.  His  data  reveal  thin  layers  of  such  high 
conductivity  (i.e.  1  ohm-m  or  less)  that  they  are  most 
probably  composed  of  thawed  brine.  The  depths  of 
these  layers  were  found  to  be  as  shallow  as  about  1.5 
m  but  were  usually  greater  than  2  m.  It  will  be  seen 
that  this  phenomenon  verifies  the  unusual  interpreta¬ 
tion  of  some  of  our  data. 

The  specific  sites  we  investigated  are  marked  I,  2 
and  3  in  Figure  6.  Data  were  obtained  in  late  March 
and  early  April  of  1979  and  1980  when  the  ground 
surface  temperature  (beneath  the  snowpack)  was  ap¬ 
proximately  -20®C.  The  ground  at  this  time  for  both 
years  was  covered  with  between  20  and  30  cm  of  hard- 
packed  snow,  except  at  site  2  where  the  snowcover 
was  largely  removed  due  to  its  higher  elevation.  Data 
were  collected  along  linear  traverses,  one  at  each  site, 
of  up  to  40  m  length.  At  three  locations  along  each 
traverse,  soil  samples  were  collected  to  approximately 
1-m  depth. 

The  names  given  our  sites  in  Figure  6  describe  the 
landform  upon  which  they  occur.  Site  1  (tundra)  was 
well-drained  with  the  soils  containing  large  quantities 
of  ground  ice.  The  soil  samples  from  this  site  showed 
the  greatest  range  and  highest  values  for  water  content 
of  all  three  sites,  ranging  between  1 .33  and  1 2.65 


grams  water/gram  soil.  The  soil  samples  nearest  the 
surface  also  had  the  highest  range  of  organic  content 
with  values  ranging  between  24  and  69%  of  dry  weight. 
Site  2  (beach  ridge)  had  the  best  surface  drainage. 

The  water  content  of  the  near-surface  samples  ranged 
between  0.37  and  1 .38  grams  water/gram  soil,  with 
organic  content  ranging  between  2.8%  and  19%  of  dry 
weight.  Site  3  (marsh)  was  a  wet  site  with  poor  sum¬ 
mer  surface  drainage  that  had  approximately  20  cm  of 
pond  ice  overlying  the  soil.  The  soil  samples  had 
water  contents  of  approximately  1 .20  to  3.80  grams 
water/gram  soil  with  organic  content  ranging  between 
12  and  28%  of  dry  weight. 

Subsurface  temperature  profiles  were  not  made  but 
are  available  in  the  literature  (Lachenbruch  1973,  Brown 
and  Johnson  1965)  for  the  Barrow  area.  Temperatures 
within  1  m  of  the  surface  can  be  as  low  as  -30*C  by 
early  Aoril.  Generally,  however,  temperature  drops  to 
-1 2°C  after  the  first  few  meters  and  then  increases  at 
less  than  2‘’C  per  100  m  of  depth.  The  active  layer  at 
Pt.  Barrow  seldom  exceeds  30  cm  in  depth.  The  soil 
samples  taken  from  below  this  depth  showed  no  signi¬ 
ficant  change  in  water  content  but  the  organic  content 
did  generally  decrease  with  depth. 
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Figure  7,  April  1979  RF I  plots  of  four  frequencies 
at  site  I.  Broken  lines  in  top  curve  are  theoretical  for 
K  =  4.0,  p=  4500  ohm-m. 


RESULTS  AND  DISCUSSION 

In  this  section  both  RFI  and  low  frequency  resis¬ 
tivity  dau  taken  in  April  of  1 979  and  1 980  are  pre¬ 
sented  for  each  of  the  three  sites.  At  frequencies  of 
80  MHz  and  above,  readings  were  made  every  '/a  m 
and  below  80  MHz  every  '/j  m.  In  many  cases  data 
were  extremely  poor;  however,  excellent  RFI  inter¬ 
ference  patterns  were  obtained  for  at  least  one  fre¬ 
quency  (generally  between  40  and  1 00  MHz)  at  each 
site.  The  lack  of  a  tuned  receiver  and  the  existence  of 
a  snow  cover  prevented  widening  this  band  to  the  gen¬ 
eral  range  of  10  to  250  MHz  in  which  the  rest  of  our 
system  was  capable  of  operating. 

Sitel.  Tundra 

The  RFI  profiles  performed  in  1979  and  1980  are 
given  in  Figures  7  and  8.  The  40-  and  50-MHz  data  in 
Figure  7  compare  well  with  a  homogeneous  model 
earth  of  k  =  4.0  and  p  =  4500  ohm-m,  values  which 
give  an  effective  k"  =  0.08  at  50  MHz.  The  nulls  are 
not  well-pronounced  in  the  100-MHz  profile  in  Figure 
7;  but  their  spacing  again  indicates  that  k'  =  4.0  using 
eq  5.  The  1 50-MHz  profile  in  Figure  7  shows  practi¬ 
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Figure  8.  April  1 980  RF!  plots  at  six  frequencies  at 
site  1. 


cally  no  nulls,  and  ordinarily  this  would  indicate  very 
low  resistivity.  However,  the  attenuation  of  the  ground 
wave  signal  strength  with  height  above  the  earth's  sur¬ 
face  is  proportional  toexp(-(A^-^Q)^'/]  which,  in 
this  case,  gives  nearly  a  10-dB  attenuation  per  20  cm 
of  height.  Since  the  snowpack  was  at  least  of  this 
depth,  the  absence  of  interference  at  this  high  fre¬ 
quency  is  expected. 

The  1980  data  at  site  1  are  shown  in  Figure  8.  In 
1980  we  attempted  to  take  data  down  to  1 1 .2  MHz, 
whereas  during  1979  severe  interference  from  a  local 
transmitter  limited  our  lowest  frequency  to  40  MHz. 
The  lower  set  of  traces  in  Figure  8  (for  80  MHz  and 
above)  show  characteristic  1  attenuation  but  do 
not  contain  an  interpretable  interference  pattern, 
while  the  upper  traces  of  Figure  8  show  that  external 
interference  was  still  prevalent.  The  profile  at  20  MHz 
shows  an  attenuation  characteristic  of  a  1/y''^  depend¬ 
ency,  which  might  suggest  that  a  strongly  conducting 
interface  existed  at  depth.  However,  these  data  can¬ 
not  be  modeled  because  they  extend  over  a  range  of 
only  about  three  free  space  wavelengths  at  20  MHz 
(the  range  was  limited  by  available  cable  length).  This 
allowed  us  only  about  one  wavelength  of  range  in 
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Figure  9.  Magnetic  induction  and  surface  impedance 
data  for  site  1  during  1979  and  1 980.  Upper  plots  on 
top  graph  are  magnetic  induction  readings  in  ohm-m  of  ap¬ 
parent  resistivity.  For  1979  data,  all  magnetic  induction 
readings  are  >  10,000  ohm-m.  Arrows  refer  to  applicable 
scales. 


Figure  1 0.  Illustration  of  the  probable  cause  of  the  homo¬ 
geneous  behavior  observed  at  site  1.  The  refractive  index  con¬ 
tinuously  increases  with  depth  causing  the  ray  normals  to  bend  down¬ 
wards.  Therefore,  no  strong  subsurface  reflections  occur  to  disturb 
the  attenuation  rate  of  the  wavefronts  fust  below  the  surface. 


which  our  measurements  could  be  modeled.  The  11.2- 
MHz  data  of  Figure  8  extended  only  about  1.5  wave¬ 
lengths  and  showed  no  decay  with  distance.  The  qual¬ 
ity  of  the  data  at  40  MHz  contrasts  sharply  with  that 
from  1979  and  could  not  be  interpreted  due  to  its 
erratic  behavior.  Although  nulls  are  present,  none 
appear  within  the  first  16  m  as  they  did  in  1979. 

The  results  of  the  low  frequency  geophysical  in¬ 
vestigations  for  1979  and  1980  are  shown  in  Figure  9. 
The  Ml  data  for  both  years  indicated  that  ground  re¬ 
sistivity  was  greater  than  1 0,000  ohm-m  to  a  depth  of 
at  least  two  to  three  intercoil  spacings  (7  to  1 1  m), 
while  the  1979  SI  phase  data  indicated  that  resistivity 
was  decreasing  with  depth  because  values  were  consis¬ 
tently  greater  than  45°.  This  conclusion  is  entirely 
plausible  but  contradicts  the  40-MHz  RFI  data  that 
imply  electrical  homogeneity  to  at  least  a  skin  depth. 
At  40  MHz,  with  k'  =  4  and  p  =  4500  ohm-m,  the  skin 
depth  would  be  about  50  m,  a  depth  for  which  homo¬ 
geneity  is  impossible  due  to  increases  of  salt  concen¬ 
tration. 

This  contradiction  is  resolved,  however,  by  an  ex¬ 
planation  illustrated  in  Figure  10.  In  this  figure,  hypo¬ 
thetical  subsurface  wavefronts  are  shown  as  continu¬ 
ally  oblating  from  ideal  spherical  wavefronts  (for  a 
homogeneous  case)  while  their  associated  ray  normals 


bend  toward  the  vertical.  This  behavior  would  be  the 
response  to  an  increase  of  salt  concentration  with  depth 
which  also  would  cause  resistivity  and  n,  the  index  of 
refraction,  to  increase  with  depth.  Since  no  sharp  inter¬ 
faces  exist,  no  deviation  from  the  1/y^  homogeneous 
attenuation  behavior  would  be  observed  at  the  surface 
where  the  subsurface  wavefronts  remain  evenly  spaced 
with  distance. 

Major  inconsistencies  are  to  be  found  in  the  SI  data 
itself.  In  1979  phases  were  well  above  45°,  reflecting 
the  decrease  of  resistivity  with  depth,  whereas  in  1 980 
the  phase  at  281  kHz  averaged  below  45°  and  was  not 
consistent  with  the  resistivity  profiles.  This  contrast 
in  phase  data  between  the  two  years  occurred  at  all 
sites  and  is  believed  to  result  from  an  instrument  cali¬ 
bration  error.  In  addition,  the  amplitude  of  the  SI 
data  was  extremely  low  for  both  years,  giving  average 
apparent  resistivity  (p,)  values  of  about  100  ohm-m 
at  281  kHz  and  40  ohm-m  at  18.6  kHz.  If  one  assumes 
that  at  least  the  top  7  m  is  at  5000  to  10,000  ohm-m, 
then  within  just  a  few  more  meters,  resistivity  would 
have  to  drop  to  5  to  10  ohm-m  to  generate  the  1979 
data  observed.  If  such  a  aecrease  did  occur,  the  Ml 
values  would  have  to  be  much  lower. 
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Figure  1 1.  April  1979  RFi  profile  at  88  MHz  at  site  2. 


Figure  12.  April  1980  RFI  profiles  at  six  frequencies  at  site.  2. 


Site  2,  beach  ridge 

The  RFI  profiles  performed  in  1979  and  1980  are 
given  in  Figures  1 1  and  12  respectively.  The  data  were 
taken  over  nearly  barren  ground,  as  the  snow  cover  was 
marginal  over  this  ridge.  Only  one  frequency  (88  MHz) 
was  investigated  in  1979.  In  1980,  however,  the  data 
obuined  were  erratic  and  similar  to  those  obuined  at 
site  1  during  1980.  At  80  MHz  and  above  (Fig.  12) 


the  attenuation  rate  was  clearly  My^  while  at  40  MHz 
and  below  almost  no  similarity  to  any  attenuation  func 
tion  was  observed. 

Model  electrical  parameters  chosen  for  generating 
theoretical  curves  to  fit  the  data  of  Figure  1 1  were 
chosen  from  the  null  spacing  of  the  data  and  also 
from  the  resistivity  values  measured  with  the  Ml  tech¬ 
nique  (Fig.  13)  which  were  consistent  for  both  years. 
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Figure  13.  Magnetic  induction  and  surface  impedance 
data  for  site  2  during  1979  and  1 980.  upper  plots  on 
each  graph  are  magnetic  induction  readings  in  ohm-m  of  ap¬ 
parent  resistivity.  Average  surface  impedance  phase  for  1979 
given  in  parentheses.  Arrows  refer  to  appiicabie  scaies. 


The  average  null  spacing  in  the  data  gave  a  dielectric 
constant  of  5.1  and  two  resistivity  values  were  tried: 

175  ohm-m,  roughly  the  average  reading  obtained  with 
the  horizontal  coplanar  (HCP)  coil  orientation  in  1979, 
and  700  ohm-m,  the  average  for  the  vertical  coplanar 
(VCP)  orientation  in  1979  (see  App.  A  for  explanation 
of  these  terms).  Figure  1 1  shows  that  the  700-ohm-m 
value  gives  a  very  good  fit,  which  implies  that  the  di¬ 
electric  and  resistive  values  interpreted  from  these  data 
represent  no  more  than  the  top  3  m  of  ground.  Higher 
resistivity  values  actually  give  shallower  nulls  in  this 
case  because  the  air  and  ground  waves  are  not  of  the 
same  amplitudes  initially,  as  was  seen  in  eq  4.  At  88 
MHz,  700  ohm-m  gives  an  effective  x"  =  0.29. 

The  low  frequency  data  are  given  in  Figure  13. 

As  at  site  1 ,  SI  phase  values  in  1 979  were  predomi¬ 
nantly  above  45°  whereas  they  were  predominantly 
below  45°  in  1980.  This  1980  result  contradicts  the 
Ml  data  which  imply  resistivity  to  be  decreasing  over 
the  depth  of  penetration  at  281  kHz.  The  low  appar¬ 
ent  resistivity  values  measured  at  281  and  18.6  kHz 
for  both  years  are,  however,  plausible  at  this  site  due 
to  the  lower  resistivity  of  the  first  6  to  7  m.  The  values 
k'  =  5.1  and  p  =  700  ohm-m  give  a  skin  depth  at  88 
MHz  of  about  8  m,  which  exceeds  the  depth  that  the 
value  of  700  ohm-m  represents.  Therefore,  as  with 


site  1,  the  ground  refractive  index  must  be  continuously 
increasing  with  depth  without  any  sharp  electrical  con¬ 
trasts  in  order  to  produce  data  that  allow  a  homogene¬ 
ous  interpretation. 

Site  3,  marsh 

The  RFI  profiles  performed  in  1979  and  1980  are 
given  in  Figures  14and  15.  The  profiles  in  Figure  14 
all  show  the  characteristic  l/y^  attenuation  rate  but 
only  the  one  for  50  MHz  shows  any  interference  pat¬ 
tern.  The  first  and  only  deep  minimum  at  50  MHz  may 
be  simulated  theoretically  with  a  homogeneous  model 
of  x'  =  5,1  for  any  resistivity  value  >  1 0,000  ohm-m, 
but  the  1979  snow  cover  sufficiently  attenuated  the 
ground  wave  so  that  the  air  wave  was  mainly  received. 

Profiles  were  taken  at  several  frequencies  in  1980 
but  the  only  successful  interference  pattern  obtained 
was  at  80  MHz  which  is  the  solid  trace  shown  in  Fig¬ 
ure  15.  Profiles  at  lower  frequencies  were  highly  er¬ 
ratic  and  uninterpretable,  while  those  at  higher  fre¬ 
quencies  showed  attenuation  as  in  Figure  14 
without  any  ripples.  The  80-MHz  profile  was  not  dif¬ 
ficult  to  match  theoretically  and  the  resulting  geologic 
interpretation  is  surprising  but  not  implausible. 

The  geologic  model  shown  in  Figure  IS  was  developed 
as  follows.  The  attenuation  rate  and  the  fairly  even 
spacing  of  the  interference  minima  imply  that  only  two 
guided  modes  propagated  and  that  a  good  reflector  ex¬ 
isted  at  depth.  The  first  try  at  interpretation  assumed 
Kl  =5.1  (from  Fig.  14),  tan 6,  =0.0(p)  =ooohm-m) 
and  a  reflection  coefficient  for  the  layer  boundary  of 
-1 .0  (i.e,  P2  =  0.0).  After  some  trial  and  error,  a  model 
with  K  ]  =  5.5  and  a  layer  thickness  of  1 .37  m  produced 
the  correct  spacing  of  minima  and  attenuation  rate 
(dotted  curve).  This  thickness  is  slightly  greater  than 
the  depth  at  which  the  second  mode  begins  to  propa¬ 
gate. 

In  order  to  make  depth  of  the  minima  decrease 
with  distance,  the  second  layer  was  given  a  finite  resis¬ 
tivity  of  1  ohm-m  (dashed  curve  of  Fig.  15).  This  made 
the  two  modes  slightly  leaky,  with  the  one  at  a  steeper 
angle  of  incidence  with  respect  to  the  layer  boundaries 
suffering  the  most  leakage.  The  two  guided  modes  for 
P2  =  1  ohm-m  propagate  at  complex  angles  of  27°  +/' 
0.019  and  61.8° +  /  0.009.  The  real  parts  of  these 
angles  vary  insignificantly  if  the  resistivity  of  the  sub¬ 
surface  reflector  is  increased  to  100  ohm-m,  but  the 
imaginary  part  steadily  increases  to  give  the  modes 
greater  attenuation.  Both  theoretical  curves  of  Figure 
15  vary  little  for  tanS^  <  0.002  so  thatpj  is  probably 
greater  than  25,000  ohm-m  and  therefore  x’,'  <  0.01. 

An  additional  model  was  tried  which  assumed  the 
lower  layer  to  be  a  lossless  dielectric  having  a  lower 
dielectric  constant  than  the  upper  layer.  A  value  of 
X2  =  3.5  was  chosen  which  would  represent  a  layer  of 
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Figure  14.  RF!  profiles  at  three  frequencies  for  April  1979atsite3. 
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Figure  15.  RF!  profile  at  88  MHz  for  April  1980  at  site  3.  Broken  curves  are 
generated  by  the  ground  models  shown. 


frozen  vnd  or  ice.  The  ratio  k'2Ik\  allows  any  mode 
incident  at  an  angle  greater  than  sin"'  to  propa¬ 

gate  unattenuated.  Therefore,  since  this  angle  =  SB"*, 
the  mode  at  61°  propagated  but  the  one  at  27°  was 
highly  attenuated  (the  same  layer  depth  was  assumed). 
This  strong  attenuation  of  one  mode  occurs  for  any 
reasonable  dielectric  value  and  so  no  interference  re¬ 
sulted. 


Figure  16  shows  the  low  frequency  SI  and  Ml  data 
from  1979  and  1980.  In  1979  all  Ml  readings  indicated 
resistivities  greater  than  10,000  ohm-m.  In  1980,  the 
VCP  loop  orientation  readings  indicated  that  resistivity 
was  greater  than  10,000  ohm-m,  while  the  HCP  loop 
orientation  readings  averaged  around  3500  ohm-m  over 
the  section  of  the  traverse  containing  the  RFl  profiles. 
As  before,  the  SI  resistivity  values  were  much  lower  and 


Figure  16.  Magnetic  induction  and  surface  impedance 
data  for  site  3  during  1979  and  1 980.  Upper  plots  on 
each  graph  are  magnetic  induction  readings  in  ohm-m  of  ap¬ 
parent  resistivity.  Arrows  refer  to  applicable  scales. 


the  implication  of  the  phase  data  that  resistivity  de¬ 
creases  with  depth  was  consistent  with  the  Ml  readings 
only  in  1979. 

In  order  for  the  Ml  readings  to  remain  quite  high 
in  the  presence  of  a  conductive  layer,  the  layer  must 
be  quite  thin.  If  we  assume  that  the  resistivity  of  the 
frozen  silt  is  25,000  ohm-m  and  the  resistivity  of  the 
thin  layer  at  1 .37  m  depth  is  about  1  ohm-m,  then  the 
layer  thickness  must  be  only  a  few  centimeters,  so  that 
the  theoretical  resistivity  values  of  both  the  VCP  and 
HCP  configurations  will  be  about  4500  ohm-m.  This 
geologic  model  also  gives  SI  values  comparable  to  the 
1979  dau. 

Unfortunately,  no  drilling  was  performed  to  vali¬ 
date  the  existence  of  a  strong  reflector  within  the  first 
few  meters.  It  is  certain,  however,  that  this  is  an  un¬ 
frozen,  brine  layer,  a  phenomenon  which  occurs  ex¬ 
tensively  throughout  this  area  as  discussed  in  the 
Ft.  Barrow  sites  section.  Therefore,  it  is  not  surpris¬ 
ing  that  the  SI  measurements  gave  low  resistivity 


values  as  the  LF  and  VLF  radiowaves  are  sure  to  en¬ 
counter  brine-rich  sediments. 


CONCLUSIONS 

At  site  1  (tundra,  ice-rich  silt)  k  was  calculated  at 
4.0  and  the  resistivity  at  4500  ohm-m  for  50  MHz, 
which  gives  an  effective  k"  0.08.  At  site  2  (beach 
ridge,  ice-rich  sand  and  gravel),  x’  was  calculated  at 
5.1  and  the  resistivity  at  700  ohm-m  for  88  MHz,  which 
gives  an  effective  k  ~  0.29.  At  site  3  (marsh,  ice-rich 
silt),  k'  was  calculated  at  5.1  (50  MHz)  to  5.5  (80  MHz) 
and  resistivity  greater  than  25,000  ohm-m  (80  MHz) 
which  gives  an  effective  x"  <  0.01 .  Since  the  resistiv¬ 
ity  values  all  agreed  with  those  measured  at  40  kHz 
using  the  magnetic  induction  method,  dielectric  loss 
was  due  to  d.c.  effects  and  not  relaxation  processes. 

In  many  cases,  the  lack  of  an  interference  pattern  at 
VHF  suggested  very  low  resistivity,  but  this  was  ex¬ 
plained  by  the  attenuation  of  the  inhomogeneous  air 
wave  due  to  the  snow  cover. 

The  RFI  technique  seemed  to  evaluate  the  electrical 
properties  of  only  the  upper  few  meters  of  ground,  as 
was  most  obvious  at  site  3.  The  positive  conductivity 
gradient  with  depth  at  sites  1  and  2  most  likely  caused 
the  subsurface  wavefront  normals  to  refract  down¬ 
wards  with  an  associated  attenuation  in  the  field 
strength.  This  attenuation  made  inhomogeneous  ground 
(as  evidenced  by  the  LF  data)  appear  homogeneous  for 
the  majority  of  traverses  because  no  sharp  interfaces  ex¬ 
isted  at  sites  1  and  2. 

The  data  obtained  on  dielectric  properties  may  be 
compared  with  previous  laboratory  investigations  of 
silt.  As  mentioned  in  the  Introduction,  Hoekstra  and 
Delaney  (1974)  measured  the  dielectric  constant  of 
several  dry  materials  (fine  sand,  silt,  clay)  at  500  MHz 
and  found  all  materials  to  have  x’  values  of  apprpxi- 
mately  3  within  a  few  percent.  Since  ice  has  a  x'  =  3.2, 
we  must  therefore  conclude  that  either  the  organic  ma¬ 
terial  present  at  Pt.  Barrow  or  a  small  amount  of  unfro¬ 
zen  water  adsorbed  on  the  soil  particles  is  responsible 
for  raising  the  observed  values  of  x'  to  4.0  to  5.5  (sites 
1  and  3),  measured  to  an  accuracy  of  about  ±3%.  Our 
opinion  is  that  the  unfrozen,  adsorbed  water  is  respon¬ 
sible  for  elevating  the  dielectric  constant,  although  we 
have  no  data  as  to  the  effect  of  the  organic  content. 

This  opinion  is  based  on  laboratory  time  domain  re- 
flectometry  (TDR)  measurements  by  one  of  us  (A. 
Delaney)  on  an  organic  silt  at  a  water  content  of  1 .8  g 
HiO/g  silt  (180%  water  by  weight)  between  10  and 
1000  MHz.  For  frequencies  below  1000  MHz,  x'  var¬ 
ied  between  5.5  and  6.0  at  temperatures  below  -15°C 
which  was  near  the  ground  surface  temperatures  at 
Pt.  Barrow,  x'  then  slowly  increased  as  temperature 
and  therefore  unfrozen  water  increased. 
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The  dielectric  constant  of  5.1  determined  for  the 
sandy  gravel  at  site  2  is  unexpectedly  high  in  view  of 
the  cold  ground  temperatures,  the  decrease  in  avail¬ 
able  surface  area  for  adsorbed  water  (relative  to  the 
silt),  and  the  k'  values  for  dry  sands  and  gravels  of 
about  3.  However,  the  low  frequency  resistivity  was 
also  unusually  low,  probably  due  to  the  higher-than- 
usual  salt  concentrations  that  exist  near  or  at  the  sur¬ 
face  of  this  raised  beach  ridge.  The  high  salt  concen¬ 
tration  is  documented  in  the  report  of  Brown  (1969) 
who  has  shown  that  heavier  salt  concentrations  occur 
nearer  the  surface  (within  about  1  m)  of  the  beach 
ridges  than  of  the  tundra  or  marsh  flats.  Therefore, 
it  is  the  elevated  salt  concentrations  that  probably 
raised  k'  of  the  sand  and  gravels  above  that  of  the 
silts.  In  non-marine  environments,  frozen  sands  or 
gravels  will  probably  exhibit  k'  values  between  3  and 
4. 

The  difference  in  dielectric  values  between  the 
tundra  and  the  marsh  sites  may  result  from  a  greater 
proportion  of  finer  grain  sediments  existing  in  the 
marsh  but  this  is  not  known.  At  the  marsh  site  the 
two-layer  interference  pattern  implied  a  resistivity  of 
at  least  25,000  ohm-m,  whereas  the  homogeneous  in¬ 
terference  pattern  at  the  tundra  site  gave  a  value  of 
about  4500  ohm-m.  The  discrepancy  in  these  resis¬ 
tivity  values  draws  us  to  the  conclusion  that  the  tundra 
site  value  is  probably  too  low,  again  due  to  snow  cover 
attenuation  of  the  inhomogeneous  air  wave.  At  the 
marsh  site,  snow  cover  would  also  affect  the  strength 
of  the  inhomogeneous  modes,  but  both  modes  would 
be  similarly  affected  so  that  the  interference  pattern 
would  remain  intact.  The  ratio  of  the  mode  amplitude 
would  change  by  only  25%  for  a  20-cm  snow  cover, 
whereas  at  site  1  the  ratio  of  the  air  wave  amplitude 
to  that  of  the  inhomogeneous  wave  would  change  by 
52%.  Therefore  we  believe  that  resistivity  values  of 
the  first  few  meters  were  in  excess  of  25,000  ohm-m 
at  both  sites  1  and  2. 
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APPENDIX  A:  DISCUSSION  OF  LOW-FREQUENCY  GEOPHYSICAL  METHODS 


Surface  impedance 

The  surface  impedance  method  utilizes  the  electro¬ 
magnetic  field  components  of  a  ground  or  sky  wave 
propagating  from  a  distant  or  local  transmitter  to 
measure  earth  resistivity  and  estimate  the  layering  in¬ 
volved.  At  low  frequencies,  vertical  monopole  anten¬ 
nas  are  us;d  in  the  VLF  (3  to  30  kHz)  and  LF  (30  to 
300  kHz'  bands.  These  antennas  radiate  vertically 
polarized  waves  that  contain  three  field  components 
at  the  earth’s  surface:  a  vertical  electric  field  a  ra¬ 
dial  electric  field  E„  and  an  azimuthal  magnetic  field 
/y^.  The  quantity  of  interest  is  the  complex  surface 
impedance  defined  as 

Z5(ohms)  =  £,/W^J^,0  (Al) 

from  which  ground  resistivity  variations  may  be  inter¬ 
preted,  especially  if  signals  at  several  different  frequen¬ 
cies  are  available.  Displacement  currents  are  usually 
neglected  in  comparison  with  conduction  currents  at 
these  low  frequencies. 

The  complex  quantity  Z,  is  usually  expressed  as  a 
modulus  M  and  a  phase  i//  by 

(A2) 

This  quantity  is  easily  derived  for  a  vertically  stratified 
earth  model  of  any  number  of  layers  (e.g.  Wait  1970). 
For  a  homogeneous  model  of  resistivity  p,  M  is  found 
to  be  y/ufigP  and  =  45°.  In  general,  an  apparent 
resistivity  p,  is  defined  such  that 

(A3) 

Phase  usually  indicates  the  nature  of  the  stratification. 
Phase  values  greater  than  45°  generally  mean  that  re¬ 
sistivity  decreases  with  depth,  while  values  of  less  than 
45°  generally  mean  that  resistivity  increases  with  depth. 
The  depth  to  which  readings  are  significant  depends  on 
the  resistivities  and  thicknesses  of  the  individual  layers. 

If  a  significant  change  in  resistivity  occurs  below  the 
skin  depth  5  of  a  material  where 

5  =  V2p/w#io  . 

then  the  material  beneath  that  interface  will  have  little 
effect  on  Z,. 

For  these  studies  a  Geonics  EM-32  surface  impedance 
unit  was  used  to  monitor  an  LF  transmitter  operating  at 


Pt.  Barrow  at  281  kHz.  A  Geonics  EM-16R  unit  was 
used  to  monitor  a  VLF  transmitter  operating  north  of 
Seattle,  Washington,  at  18.6  kHz.  Both  instruments 
use  a  small  ferrite-loaded  coil  to  measure  and  two 
ground  probes  to  measure  £^.  The  ground  probes  for 
the  EM-32  are  spaced  2  m  apart  and  for  the  EM-1 6R 
they  are  10  m  apart. 

Magnetic  induction 

The  magnetic  induction  method  derives  ground  re¬ 
sistivity  values  from  the  amount  of  magnetic  field  coup¬ 
ling  between  two  loop  antennas  located  at  or  slightly 
above  the  earth’s  surface.  One  loop,  the  transmitter, 
generates  a  primary  a.c.  magnetic  field  Hp  that  couples 
directly  to  the  receiver  loop  through  free  space  and  also 
induces  eddy  currents  within  the  earth.  These  currents 
then  regenerate  a  secondary  magnetic  field  7/^  which 
also  couples  with  the  receiver.  The  ratio  HjHp  de¬ 
pends  on  ground  resistivity  but  is  also  affected  by  loop 
separation  and  orientation,  loop  height  above  ground, 
and  transmitter  frequency.  The  quantity  usually  meas¬ 
ured  is  the  mutual  impedance  Z  which  is  often  normal¬ 
ized  by  the  mutual  impedance  Zq  for  loops  situated  in 
free  space.  The  mutual  impedance  Z  is  defined  as  |/// 
where  V  is  the  voltage  induced  in  the  receiver  loop  and 
/  is  the  current  in  the  transmitter  loop. 

At  very  low  frequencies  and  below,  the  normalized 
mutual  impedance  Z/Zq  for  two  horizontal  coplanar 
loop  antennas  upon  a  homogeneous  model  earth  can 
be  well  approximated  from  an  expression  found  in 
Keller  and  Frischknecht  (1966)  by  the  formula 

Z/Zo  =  (krl2)^  (A5) 

where  k  =  y/iupolp  and  r  is  the  transmitter-receiver 
separation.  Most  often  it  is  the  imaginary  or  phase 
quadrature  component  of  ZjZ^  that  is  measured  be¬ 
cause  of  its  greater  range  of  linearity  with  respect  to 
resistivity.  When  the  earth  is  layered,  an  apparent  resis¬ 
tivity  must  then  be  defined  which  corresponds  to  the 
equivalent  resistivity  that  would  produce  the  same 
mutual  impedance  above  a  homogeneous  earth.  Inter¬ 
polation  curves  or  computational  integrations  of  inte¬ 
gral  equations  (e.g.  Sinha  1976)  must  then  be  used  to 
resolve  the  different  layer  resistivities  and  thicknesses. 

In  practice,  the  transmitter  and  receiver  loop  anten¬ 
nas  may  be  oriented  horizontally  (HCP)  or  vertically 
(VCP)  coplanar,  or  even  coaxially.  In  these  studies  the 
coplanar  orientations  have  been  used  with  the  commer- 
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A  facsimile  catalog  card  in  Library  of  Congress  MARC 
format  is  reproduced  below. 
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